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I. A3THORIZATION.

1. The work described in this report forms part of a program devote,
to research on the application of Geiger-Muller counters to inspection with
x-rays and gamma rays. The authorization is under the Bureau of Ships
Project order 384/41. Refer to NEL letter X8-12 Radiography of September
23, 1940 (BaShlps file No. lPI4/N8(9-23).

"II. IAThQDUQTIOQ

2. An investigation of the possibilities of utilizing Geiger-!,iuller
/ counters for rapid inspection with penetrating radiations has been under-
/ taken at the Naval Research Laboratory. Preliminary results, reported in

21Wk Report M1-1799, indicate that the counter, even in its simplest form,
is sufficiently sensitive- to make its use more advantageous than the usual
photographic techniques in many cases.

if 3. The Geiger-Muller counter, until recently, has found Its major
- application in cosmic ray and nuclear physics. The intensities measured

in such work are generally weak, producing counting rates of the order o.e hundreds per minute in average sized counters. There has been slatively
little need for high speed counters and circuits. In radiography, however,
the sources of radiation are very strong, producing intensities equivalent/ to counting rates of thousands per second. Ordinary counters, however, are
much too slow to count that many random pulses per second without consider-
able loss. The use of counters as sensitive elements in devices for rapid
Inspection with intenseZand gammu radiations, therefore, calls for extremely
hi•h resolution in both the counters and their associated electronic cir-
cuits.

4. To develop counters with ultimate sensitivity and capable of
meeting the requirements of high speed counting, a comprehensive Investi-
gation of counters and counting circuits has been carried out at the Naval

Research Laboratory. The more important results of this investieation may
be listed as follows:

(A) New designs for gamma ra' and hard x-ray countero have been
developed, producing counters with quantum countinE effi-
ciencies up to 50$. Nowhere, in the literature, have any
gimma ray counters been dencribedwith officioncics greater

than 2A. For soft x-ray counting efficiuncius of 10%v have
been attained at the Naval Research Laboratory. Thu majority
of soft x-ray counters built previously operated on a princi-

pie that did not permit greater than ten per cent efficiency.

(B) Resolving powers of up to 100,000 random counts per second
have been achieved by a new principle of counter conatructiotz.
Highest speeds have previously been obtained by use of Harp,,r-

Hehor quenching circuits, and did not exceed 3000 counts pur

second.

-1 -'



'" • ., , , , . .ri:. mid f i . : Uuutittcrs hnt been
'. t,ý,ition *11 IU lt.nl rt tl- .iAn> tit' tt'chitque

1- n.:0 s :ffi- : !.t Iv '.: l ut.1o'r*;tjod, th'ut it I s, n iblo

A A -. rt,,I tv- t o tf Ict-onIc c0rcu1t-i hnve t-eon perfected for
.:vlou3 c1 &Cial ap~pliations. Thooc range from a vvry

ytnj" circuit for detection of peak intensities to vory
hilg,ýi spcod srav.,lingn and frquency motor circuits.

1I1 undorrtand how tliw rcs Jts listed under the first three
headi.if>d wore attýA.i.,td, it it necc.tzry to have C, very much more -.onr;,'Žte
•,icture of the countitn; action than wan .-resented in Report M-1799. The
oaseaiine section of thll report is therefore devoted to a theoretical
anzi lysis of the countin1,. ::recess, in which is discussed all those aspects
essential to the aun.ersttnding of the following sections. These latter
sections are concerned with the constructioa and preparation of counters,
"dnJ the methods of outaininc, high resolution and high sensitivity. The

S.... .. ection of t-he ret:ort de.ncrioes the most importt.nt circuits fo£
cou~nttn.• aia the cond.itious under which they are to be employed.
ill. 1'- •O.Y OF "Q "5' - . .

..Z. %OOUIi"G ACTION

A. 1'oint Counters

Counters were first designed by Rutherford and Ge$ger in 1908.
In its origins*i form the counter consisted of a pointed wire surrounded by
and insulated from a metal cylinder. A potential difference of somewhere
vetween 1500 and 5000 volts was applied an rso the counter and a high
series resistance. In this early design,IlJ the cylinder was made positive
wit-t resoect to the wire. Figure (La) illustrates the arrangement of
electrodes and recording apparatus. The principle of operation may be
criefly described as follows. An ton entering the counter is accelerated
in the nigh field near the point, up to energies sufficient to produco
lrrer numbers of ions by collision, at the existing gas pressure. The
icnize-tion process is cumulative, the charge flow finally reaching a
- agnitude of about 10- 8 coulomb, dependent, of course, _c the potential
difference and circuit constants. The collected charge causes tue voltage
•cross the counter to drop to a point where the discharge in quenched, and
thc c3-jnttr then recovers.by the leakage of charge through the resistance
%. ie v&itage changes across R are indicated by the electroscope.

B. Proportional Counters

7. The above type of counter was later somewhat modified'for use
as a protertional counter (2). In the original counter, the primi~ry ion
acta as a trigger on tue discharge, which once started, yields an effec-
tively constant Liagnitude of charge before extinction. If a small metal
ball is attached to the point and placed at positive high potential rela-
tire to the cylinder, instead of neGative, then a range of voltage can be
Cicus, in wh-ich the pulse is proportional to the original amount of
xonization.



G. Geiger-Muller Tube Counters

8. The most iLrortant type of counter for measurements of x-ray

anl gamma ray intensities is the tube counter (Figure lb) developed by
Geiger and huller (3) at about the same time as the proportional counter
above. In the tube counter, the two electrodes are a cylindrical cathode
and ceatered anode vire, insulated from each other. flo current flows be-

tw'een the electrodes until some ion formation has occurred. If the
,otentipl difference applled to the electrodes is sufficiently high, the
"-i1tiAIicative process of ionization by collision takes place, as the

ar!t.iral ion creates others in its acceleration toward the anode. Iiith
Increasing potential difference across the electrodes, the amplification
of charge increases until the condition of self-sustained discharge is

attained. If the counter is properly constructed and filled aad the correct
uteritial difference chosen, it may be effectively self-quenching. If It
is aot self-quenching, circuits have been designed which will quench the
disc.aarge quickly, after it has once started.

9. Before toing any further it is well to study the relation of
t.-e characteristic G. Mi. counter region to the general voltage-current

curve for such an electrode arrangement. Suppose some ion pairs are
forj;ed in the interelectrode space. The quantity of charge collected by
the wire is illustrated schematically in figure (2). The two curves drawn,
indicate charge collected by the wire for two different quantities of

initial ionization due to the incident radiation. The lower curve may be
taken to represent the formation of a single electron-ion pair, and the

uoper curve, a very large number of initially formed ion pairs (such as
eight result from an alpha particle). At the lower portione of the curves,
region A. recombination is very efficient and little charge reaches the
colleeing wire. Vith increasing potential, in region B, saturation is
attained. All the charge arrives at the wire, but the electrons still
have insufficient energ to produce ionization by collision. In region 0,

electrons receive sufficient acceleration to start electron avalanches by

cOllision. In this range both curves are parallel indicating proportional
aqplification. This is. the region in which proportional counters are
operated. With further increase in potential difference, the curves
approach each other in region D, whth represents the foot of the non-
prooortional ampliftcetion range and the beginning of what Is terned the

Geier-guller region. Hjeion 9 emu&* a rEse of potential difference in
vii•,•eh the total aMount of ionizA to independent of the intial amount#

This is the Geiger-Muller range. -

10. In the counter as originally applied, the current pulses
,lowered the wire potential sufficiently for detection and the charge

aC¢ulgated in each pulse leaked off through a very high renistance in

series with the counter "nd voltage supply. Referring to figure (2)

•Lia, the portion D + 3 mya be called the rebion of non self-sue tanint
t discharge (the 1R drop in the large resistor is sufficient to extinauish

tbo diacharge). Axperimant~lly Itsms fowvn tnat the length of plateauias

proportional to h-. With decreasing R, the plateau vanished and the coodit-

tian of self-sueatnad discharge follovs region DI with no evidence of a

Vlateau. This may be expreseed by the equation:

-3/.



11. The constant must be a current i. If H is tntken its 109 ohm

equatifon (1) indicates a steady current through the counter of uta to

10-7 to 1o- 6 amperes.

12. If the initial potential is somewhere between Vu~i5 and Vnin.,

the pulse site will be given by the drop from Vi to somewhere nli 1 ,htly

below VmiL. Fittre (3) illustrates the voltage on the wire as A function

of the time from the trgt&0rinC of the discharge. For a leak resistance

of 109 obhms and a counter about 10 ome. by 2 ams, with 20 mil wire, tlo +

tdls is about 10-2 seconds, which we may call the resolving time of thu

coanter. Tie resolving time may be decreased by decreasing R, JLut then

tiW Asteau vanishes. Obviously, much a counter cannot be used at rites

much preater than ten per second, and falls into a clais known as slow

ooanter5 . In contrast, it ti now possible to make fast counters for which

the breakdcon plus recovery time lies between 10-5 and 10-4 seconds.

13. ttulre (3) is an oversimplified picture of the breakdown-

recovery process and it is worth considering the action in greater detail

in order to determine w'hat factors enter into the design of a fast coUoter.

$tuppose atain, that an ion pair ic formed between the electrodes in the

re&ion Z of figure (a). The electiron is accelerated toward the wire while

the positive ion noves Slowly toward the cathodes* In the neighborhood of

the wire, the electric intensity increases rapidly and it is there that the

electron jalms sufficient enerq to excite and then Ionise a gaseous atom.

The electron that it ejects in this region of intense field is in turn

accelerated and produces still more electrons bLy collision with gaseous

atoms or molecules. This cumulative process of electron production and

motion toward the wire is called a Townsend avalanche. Nothing has been

said ;reviously about what happens to the positive ions during the groduc-

tion of the avalanche. A positive ion has a mobility very different from

that of an electron. The field strength neceesaty to give a positive ion

unit acceleration is almost 2000 times that required to accelerate the

electron. &hari"g the Interval that is required for developýment of the

electron avalanche, then, it is safe to assume that there is almost

aegligible motion of the Vositive ions, and a relatively stationary posi-

tive * 0oe charge is built up in the vicinity of the wire. The ionizations

that occur in the avalanche process are accompanied by the emission of

light, and the photons in turn are capable of ejecting more electrons from

the cathodo surface. These photoelectrons can then trigser further ava-

lanches and the whole succession of events may repeat itself maf times as

a caosequence of the action of the primary electron.

14. Thu. far, it would seem that the electronic avalanches could

build up indefinitely. Simultaneously, however, the positive space charge

has gown as rapidly as the number of avalanche electrons. The stage Is

soon reached where the positive charge around the wire is so great that the

disater of the wire is effectively extended far out into the inter-

electrode space. fte intense accelerating field Is then no longer existent

ant the process of electron multipliOetion and associated photon emission

is discontinWld. to is up, then, the original ion pair is multiplied many

orders of magnitude, the electrons produced in successive avalanches rush



to the wire, the positive ions creste an almost stationary space cnerge,
and the discharge is completed in a tine of the order of 1/10 to 1/10i,
elcrosecond. Almost the entire process of electron nultiplicaticn has
occurred close to the wire and the total charge displacement is conse-
quently very smell. A£ a result, the potential of the wire chenges laraly
at all in spite of the fact that a hundred million or more electrons have
been collected. The major portion of the potential change of the wire
occurs after the quenching of the discharge as the positive ion sheat$
dri~fts to the cathode.

15. The action of the s*ace charge on the field strength between
the electrodes is illastrated qualitatively by figure (,). InititAlly,
the field is represented by curve (a), i.e., it varies iavereely with
the distance from the wire. The potential of the wire with respect to

she cataode is the integral of the field strength across the space be-
tyson the electrodes or simply the area under curve(a). Curve (b) repre-
"Ats Conditions immediately after quenching the discharge. The amount
Of charge that has flown has produced a negligible change in potential
and the integrated area under the curve is almost the same as in (a).
Tahe space charge, however, has effectively increased the wire radius to
ro and tiw field streng-th between R - wire and R - cathode is too small
to produce multiplicative ionization. Curve (c) is for a time shortly
after quenching. The sheath of positive ions has drifted appreciably
toward the cathode and the total area under the curve has begun to de-
crease, representing the drop in potential difference accompanying the
motion of positive ions toward the cathode. Curve (d) represents the
condition, where most of the charge has been collected, and the area be-
tween (a) and (d) represents the accompanying change in potentipl of the
wire.

16. In the above discussion it was shown that the entire discharge
tWOO place in a period of from 10ic to 10- seconds. If that completed
the 00ating process all counters would be fast. The differences in speeds
of counters, 'arise from the remainder of the counting action. Returning
to the stage where the positive ion sheath arrives at the cathode, it
appears that the completion of the counting action is determined by what
resu4lte from the bombardment of the cathode by the positive tons, To
begin with, consider the silplest case. Suppose these positive ions eject
no secondary electrons from the cathode. They are then simply neutralized
oy electrons drawn from the cathode surface, while the electronic c'hLarge
collected by the wire leaks off through the external resistance, allowina
tis counter to return to its original state. Actually, the above condi-
tion seems to be attained by the addition of a small amount of oranric
wayor to the &s in the counter. In some way, this vapor must affect the
catr.ode surface so as to greatly decrease the probability of electron
emission by positive ion bombardment. Arson-Alcohol counters may be used
effectively with leek rosistence4 of only 10Q ohms, and in some cases even
as low a•s 000 ohLus. bince the acscharge is completec in 1CV 7 to 1-_8

secu;ds and since the space charge may be swept out in 10-l secoztdr, the
recovery time of these counter. is effectively given by the product ihC of

tf.e leak resistance and the capacity, whitch is generally of tf,- orl!r of

-Cr-' seconds. The shape of the voltage pulse is given In (a) of fit.tire

(to). Alcohol counters are generally called self-quenched but the discharge

Is effectively quenched oefore the alcohol has scted. The function of the.

alc3rnol is to prevent reigition of the discharge.



%01# tAkr, t li C ?( ~ r w ~t' Vt IIs t I ic tefly of P'roditctiol of '
.'-i .. " oI ,h-¢ct rouns by kos Itiv-e u,. ;ititvseflt i , S i -h. li t tl tnit t l iiJ it,

!I'~V* tiie leziki'ge resistance ½ ~it, if theel.Ci't' t-: ot, the ''r
sy..ttr' is a'nd- 1, nn, if the nunber of ponitivt' lons it tnrj:,, t.', rc.ultiI.
C In:t:,' ,ýnOtntial of the wire due to the mib.ration at'f o'i t jiv, ions
th,1kard thi" cnthodc riny be l]ro"' enou,|h to p'roduce' "Overshoot U"nderI.
t..s,- cLonditiono, the chtn ce of potentitl may drop the counter below th1t

• ki•r- o "ier region by the tinwt the *.onitive ions reach the' cvttlOdo. The
'CC0...w:rv elvctrons froni the cylinder wvll then find the cxistlit; field in

¶.e vicinity- of the wiro insufficlently high to accelerate thein to tantrt-ieO
reire: t"or production nf Townsend avalanches. As a result thiere is no
multt iici tion of this stcondr.r:., charge auxd no further decrease of wire
potential following the initial discharge. The critical potential bolow
which tlhe wire must frall to prevent retgnition is sliChtly leas than the
thresholk" voltage. If the leak resistance is of the order of 1 9 ohms,
the above conditions will generally hold. If, however, the leak resistance
is lowered, or the capacity of the wire system increased, a third mode of
counting is observed.

18. Suppose the wire potential does not fall below the above men-
tioned critical potential in the first discharge. The secondary electrons
from the wall then find the accelerating field near the wire sufficient to
produce Townsend avalanches aGain and a second discharge takes place. The
second -positive ion sheath moves toward the cathode with further reduction
of the wire potential, and may reach the cathode with the wire potential
still above the critical voltage, so that a third discharge takes place.
Aach successive ion sheath vili carry less charge because the wire potential
Is lower after each discharge. The wire potential assymptotically ap:,roaches
the critical voltagpe in an irregular way until the number of electrons
released in the nth breakdown is so few that a statistical fluctuation to
sero secondary emission will break the chain of discharges. Typical pulses
of this type are illustrated in (b) and (c) of figure (5).

19. The above discussion might seem to indicate thvat fast counters
must necessarily be of the vapor type. This is not true. Almost any
counter may be made to behave like a fast counter with suitable electrical
circuits. A counter which normally falls into the 2nd or 3rd class dis-
cussed above, may be -upplied with an electrical cquench circuit wnich will
'overshoot" the voltage on the lot discharge even when the leak resistance
is dropped to 106 or 1o5 ohms. Such circuits will be described later.

IV. COx2h2WIjCTION OE COQUN•RS

20. A large volume of material has been published on the technique
of constructing and filling Geiger counters. Examination of these papers
reveals a wide range of differences between techniques employed by various
suthors. The reaction of a newcomer to the field of counter research is
that counters are very tricky gkdgets, unstable, and difficult to construct
properly, and the tendency is to conclude that the production of a good
counter is a hit or miss process. In reality, the construction of a good
co'xiter can be carried out with almost complete certainty. The development
0f counter technique has progressed beyond the trial and error etate that
produced the above mentioned variety of formulas, to where the fundamental
requisites of a good counter are quite well understood.

-6-
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21. To begin with, all counters may be pjlaced in either of two
classifications, non-vapor and vapor type counters. 'The forimier type
involve the greater care in preparation and require sealed glaBs envelopes
to allow for proper treatment. The vapor type counters are much less
critical in their preparation and permit a variety of materials and modes
of design in their construction.

A. Preparation and tilling of Counters

22. A general purpose filling system was built, and 1is sketched
diagramrzatically in Figure (6). The fore-pump is a Genco HIyvac and is
backed by a single stage oil diffusion punp. The mercury well is emnloyed
as a pump and mixing chamber, providing a means of thoroughly mixihg the
gases and vapors before sealing off the counters. Additional traps may
be included in the system when expensive rare gases are used, to jrevent
their loss.

23. Having constructed a counter and arrived at the stage of pre-
paring it to be filled, the following procedure should be adhered to for
non-vapor type counters.

(1) Glean thoroughly with acid and then rinse many times with
distilled water. (Insufficient cleansing shows up after
baking in discolorations pro&iced by Cu) and %u2 09)

(2) Pum the counter down to a high vacuum of the order of

(3) While still on the pump system, the counter should be baked
for about two hours at about 4000 G., to thoroughly out-
gas the metal cylinder.

from this point on the procedure is determined by the type of gas to be
used for filling the counter. Consider separately the method for (a)

*bardrogen or a mixture of hydrogen and a noble gas, and (b) oxyten or air.

(4) (a) At the conclusion of step (3) the cylinder is covered

with a thin dark layer of copper oxide. It is essen-
tial to remove this layer if the counter is to be
filled with hydrogen or a mixture of hydrogen and a
noble gas. The cylinder must look bright. (A bright
cylinder will show the individual crystalliteR with
characteristic glitter.) This is accomnlished by
admitting commercial hydrogen up to a pressure of
about Ase atmosphere and baking until tae copper is
reduced.

(b) If oxygen or air is to constitute the cuunter fillinC,
the oxide coating left from step (3) it desirable.
By baking in an oxygen atmonphere the teadency in to
obtain a flaky coating as soon as the oxide surface
becomes appreciably thick. If the oxidation ie slow
(carried out at low te.nderatdre) a ereyish surface in
attained. For beet result!1 the eurfneu shouid have a
velvety black color.. Such a surface mav b- )btntled
by the fo1lwvN method.

- 7--



ýhv !rar - or cojij-t r ihould f irst be wniirt.I wit, ; .
nitric acid solution, lis 'olutjon Vtt:ick te rintail
vitorouuly. Upon re'noval of t'h aid, .the uo tal nUet
oe rinsed very quickly with water anid titifi with Al,0o1i1.
ane result is a britht unoxidized nurfct,. Thre next
step Is a thorouih dryiing on the aftAriitor, t'oliowod by
filling the counter witai nitric oxldte to over-jrrsl•rtir.
When baked for from twenty rainutos to one h-ir tit ?ýTb--
3000 0. in this NO2 atmosphere, the metal %)ecoumee coited
with a soft, velvety black surface--not grcy an"d uot
olisterea. While still warm, trio counttor should be
pumped dry on the asjirator, followed by the Ryvac for
about 20 minutes.

[be altric oxide necessary for proper oxidi-tiun uf the
cylinderst my be prepared simply, as follows. Lead
nitrate is distributed along the length of a t;lass tube
about 18' long, which connects to a large bulb. The
nitrate Is preheated for about 30 minutes at 3000 u,.
while the system is pumped continuously by the aspirator.
(The tube containing the nitrate is Pligged with glass
wool at the end leading to tne bulb). The temperature
is then raised to-from 3700 C. to 4000 C. and the X02
trat is evolved diffuses through tne glass wool and
Condenses in the adjoining bulb, which is cooled with
a dry ice mixture.

(5) Pump the counter to high vacuum and outgas the wire by
heating to incandescence (about 22000 0). A voluaie of gas
4 to 5 times the volume of the wire consisting mosti;.' of CO
is given off. The wire should be heated on and off for a
period of about half a minute.

The above step is recommended but is not very imtortant.
There is some tendency to reduce epyurious counts, as evi-
deas d by a lover background counting rati, and this effect
my be attributed to the removal of sharp cracks and points
formed by oxide scale on the wire.

We have found tnat electrolytic polishing of the wire gives
a more pronounced reduction of spurious counts. The polish-
tng is accomplished very simnly by filling the easembled
counter with .025 normal solution of potassiwn hydroxide and
passing a current of about 50 ma. per square centimeter of
wire surface, through the solution. Ihe polishing requires
from twenty to thirty minutes.

(6) Aefore filling, while the counter is still oeing pumped, a
dry toe mixture should be placed around the trap. It is not
meant to remove mercury vapor, whicl is aparently harmless,
but does help to remove harmful organic vapors, and water
vapor. The latter affects the insulation.
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(7) 1111 with suitable gae mixtu.re. The type of gas filling
Vat is chosen determinee thrtshold voltage, efficiency
&ad discharge time. rh set of curves figures (7-13)
"4"0 to C. L. Haines(4) illustrate pretty well the effects
of different gas mixtures on the threshold v)otemtiale of

~-TtpoT Cones-p C$agnpu O hydrogen mixtu~re
it pa rticularly off icient and has a much lover threshold
tta• Lr gon-oz~ygen, which also work- wrll. A. •are noble gas
yields almost no plateau becaause it tends towar- the !6r-,a-
tLoa of -etastable states, which in turn prodace nig
probability of secondary electron emission from t'he cathode,

7" The addition of air, hydrogen, or oxygon, tends to quench
%hese metastable States thzou.• inelastic collisions. zAre

- o.pn niaks a poor counter becaue of its high electron
afflnity, leading to the captwu of electrons witn hi&
probabiliy, .kAr is ansatiufactory because % and O0 react
ChsUQ,-CAI1J lz the discharge pro-ess.

•4. Syrrogun filled counters exhibit the great-est Ieaths of pla-
teau. at the reatest stability. In fillin4g, electrolytically pro4w•od
yd rogma sbAld be admitted to the counter by diffusion thbr% a all.im

tip. The tip (Plate 11) is a oylizer 1-1/2 inches long by 1/8 inch in
dLaneter, closed at one end, ?h•e other end is welded to a platin cylinder

oiah is seale4 to a soft glass to pyrex graded seal. The p.lladium tip to
rou~nd" by a niobrome spiral heater. Impure hydrogen, adaitted th-rough
intake Side, diffuses throuh t.e heated palladium wall very readily,

%-Es other S;asee are tot~llr ezolato.

1he &Iap 'ior " t illing t p f va tpr e nntsers ie wh less

-L ol b~ the proon prescribed above for no*-vaper counc•re. A

..- wider eholoo of matritala is permissibl, and th baking tratmnts wa
- - be L,.pensd vwith, both factors leaing ah greater flexibility to the

Ael, at ease of construation.

26. A variety of at&erils -W be used is the construation cf vapor
comatera. Acst Lay metal wll menru as cathode aterial, but oxidiste
copper Lad bras han given beest res-ts. fe ride choice of catMh4o
mestals cabks possible any ouausu~l designs. Counter (d) plat-e (29) is
sismy a koarat clitr with glass end plugs fused on. The ancdse may be
maAe of tu"saten, piaao wire, copper, a•d waa other metals. Virus may be
centered tbroeih bea.sl, or mica disks plug&" iz the ends of the cylinsers.
Trasep.rent bakalite is raoinAnds. Glass envelopes mwy be replaoe with
metl s"lle, ad seling mteerlals like glptal Lad pioein have no notice-
ably bet effects. Coaters (b) W (a) plate (2f) re muMed on sta&a
rAtl tube ba"se. In the pbetobzp~ s, they are shown with gl•s jackets
p04iceld cato the bae". %es 4glass Jackto may be npilaood by metal
"abull welded or eol~seed to the@ base.

W7. The action of vajor cou=ters has a&ready been described, The
best as mixtures are omolontions of a rare ps with a trios a alcohol,
or jtroleam ether. It is desirable to ozxiize the ca&thoes as described
&bove, but $e rigorous clsasaings arte = osomary. It suffioes to 81aly
wash with al*hol. Thi aLcohol vaor that i used in the final ase fillizg
abnlA be fro" of water vajor b7 passing 'ol4 cal-cit oxide. The ao&r-
acteriste.o of eon of the &.cohol-aroc coutaers kuilt at the Navacl Resaron



Laborntory are plotted in the curves of figures (16, 17. 18, 19 and 20).
Tbe effects of varying the argon ;erssure, vapor pressure, and dimensions
40d aterial of cathode, DaYll @ obtained from these curves.

28. The best counters of the vapor type are those fillel with
ar4n a&ud petroleuz ether. A com.,arison, figure 20, of the characteristic
cý.rves of geoiatrically identical counters filled with either alcohol or
tetroiseua ether, indicates clearly the advantage of using petroleum ether.Thi jlateau region is more than twice as lo" and the counter using
ketrole-m ether my be carried more than 500 volts above thremhold with-
oat goin; into a condition of self-aastaimd dischargs.

29. The simple system shown In plate (12) was built for filling
co•-tere of te petroleum ether type. Tka trap is Included to prevent
Ott fr ed samkinag the yvsc punp. he counter Itself is connected to
the system with rubber tubing. The system, after first being puaped down,
is filled to ovar-priees-e with Argan. re counter is then pullet off the
ribber tubing a few dorps of ether are squirted in with a mdicine 8ropper,
and the rubber tube is quickly slipped back over the counter pump-off
tublng. All this must be don as quickly as poseible. The counter is
than puape dct to about 60 total pressure, is allowed to remain at that
preesure a while, sad then is filled with ArCon to atmospheric pressur.
*his pro-ese is repeated a few time, after which the counter is teasted.
If it dees act work at this stop, the alternate pumping and filling is
retestead until it does.

30. The metho described above has produced the beet counters. In
atitg: to steanrdlie the pronored., It has been foot that a mixtue
C - in• of petrlela other pressure to me atmosphere of Argon, mW

; t ; peat dupo n to yield fairly god eounters. With largp counters, it
4ge8nlly @bservme that the countors will not begin to count well until
~wbows har elqied. after filling.

M 31. nmet Iqirtet tool In canter testing is the cathode-
.• elcilloecqe. It a-ft•ca a dirmet mans of observing the p•ulse shape

4 therefore Ladi"am imdiately twetber tnere is a tendAncy toweards
ltiple nettine. Plates (31. U, ad 33) are incluted to demonstrate

us of SM eecillceseope La studtflag counter action. The six osciflo-
'-ttww of plate (1) iluWrat, the t 1 ' ofs pulses In a counter fflled

-wivth pure urgen at varies* pooreseone ouslo y, there is a strong
Nipses at pulse form an pressure. At the lowest pressure, the pulses

an wry leg ad net very hki. Iacreau :g p'eemsvre iacreees the pulse
-bAt, .t also Increases its length. ? pulses arn not simply sh•aed

ISa ftdiae 3, bet are of a malt iple type. At higbr pressure, the
emsary pulses attached to the iMitial pulse, become further and further

4eastet an be4gi to register as separate cotuts in thi recording
asans. Ia tho 1ct owne illustrated, a pressue is reached where
_fd.ste"r n Lompr ro•rMve. The plateau bas vanlishd.

-' 3. flatW (38) illastrates the effect of addin alcohol to the
'artPa. The oscilloan indicate increaing aise site with increasing

alto. presure, but no- the increso Is confined to the initial breakdown,
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with the reu'alt that the pulse length is grtEtly decr-eased. With suf•fi-
ciently hig alcohol content, the secondary pulses disappear entirely
and the counting action Is reduced to a single short pulse.

33. The effect on pulse shape, of varying the series resistance,
Is thorn it Plate (33), for a good arCon-alcohol counter. The pulse ir
&reatly sharpened 1y reduction of the series resistance.

34. In figujre (32) plate (32) iL tjype of multiple count is shown
that occzrs even when good alcohol pressure is present. The effect is
observed nar the upper part of the plateau and sets a lnimt on the usable
leonth of plateau. It bee been traced to the presence of slight amounts
of air so impurity in the argon.

36. Te above exaMpes give ample evidenoe that the oscilloscope
Is an 1i:ispensible tool in stutying counter action. With the oscilloscope,
it is alse possible to maeure resolving times of counters, but the
himplest method of doing this i. to use a high speed scaling circuit. In
almost all ess, these circuits can be built with greater resolving powers
than the Lit* counters. I. is then possible to determine the resolving
tiU of the counter directly from its .saxiuum counting rate, measured with
the sCalin circuit.

36. As a final test, all rnovaole sources of radiation should be
arried as far from the counter as pousible and determination of the

'beck-rouM's counting rat then made. A certain number of counts per
inuate sr to be expected purely from cesmic radiatlon and radioeactiv

i *~otmtnstios in the metal parts. This nmwber depends upon the gometry
of the coaster, For a tube counter ten centimeters long by two centimeters

ai Uaater, a baokgrund of f ifty to sixty counts per minute may be ex-
pected. A Oikc Sd' contiag rate greater than this is an indioatio
of spontaxeous counts. Thom spurious counts result from improper clean-
slag and the presence of sharp points on the electrodes. Improper
cleanasig my leave spots of no-co•tcttng ooting on the electrodes
4nd these sot become electron emitters under the inflwace of the high
fi•e•d strengths at the non-cooadutil points. They not only affeot the
background rate, but increase the shape of the plateau and decrease its
length.

V. URC iT i TIRfI Q4 01CO~xS

A. Goavereioa of X-bjs aMd O kaye into lonisation troducts

37. h interaction of x-rays or g s rays with matter my result
in the liberation of photoeleotrons, Cipto scattering, and pair produc-
tin. For a-rays of enrg less than 70 kv, practically all the aosoro1 ion

io photo-eloetria in bharester. ?ht is to say, the x-rays impinging on

the atomso the absorber, coavert their ecergies into kinetic ener&y of
ejected electrons. 'ith itnreaoninf kilovoltap, the photoelectric a&borp-

tion diminishe• raptidy, and the scatteri•n effect pine in importance.
&nway picture this scattering as a sort of diffusion of x-ray jzhctons
tbrnO ths electron clomds mking up most of the volume of the absorber.

A ortion of the energ of te primary radiation goes into recoil motion

of the soattering electrons. the "malnS5 "peare in the form of softer



l-ra'5 n al. air~cctvc , t k .i 'I absorbed qu2:K ;f, In tnu region "rl,
Ž, kt 1tOC k-1v, tne recoil electrons -4v t,,e frcn l0C to .0O of t.t•
primary energy. This enerVy in then further diseipatod in ionisation by
collision. Above 1,000 ky, a now process epp.ears, called jsir production.
vhich is similar to a )hotoelectrlc effect, it is the convoru~on of the
*norgy Of the primary x-ray on gna ray Into a voeutroa (positive electron)
._ Mptron (negative electron) pair. The majority of these faire aire re-
converted into hard radiation b:, reoonblnation. The process of ,air forria-
tion is most probable t higti eergies and for heery materiale. AU tt.ree
interaction processes convert x-ray or gpam rar energy into kinetic
energY of cha.rgae secondary particles.

B. Design of aiLa Ray Counters

38. Imrrnetr nts designed to indicate x-ray intensities, much as for
.msile, lonisAtion chambers, Geipr-4uller counters and cloud chaaners
are sensitive, not to the priamry radiation, but to the secondary electrons.
Since almost all. paz e ray absorption is by Compton Scattering, the radia-
tion is absorbed almost entirely in the metal wall of the detector. It Is
e)an*nt then that the efficiency of the &= ray detector is determined
ay the dependeaat of tne *nergent intensity of secondary radiation on the
thickness of material wituIn which It is kroducea.

39. Consider the process of gann rays bein4 detected by a Geiger-
muller counter. 5upyose the ,rimsry pea radiation to have an absorption
coefficient,"l in the metal cathode wterial, and furthermore, let It be
a&sum" tb&t the scondary A radiation produced is also absorbed expo-
aentially with a coefficient ta' (were s- ). i a further' simplifi-
catioa considr the secondary raatation to be emitt9ed in the direction of
the arimfg7 radiation.

40. Jhet t be the thickness of tbs counter wall. At & depth z. the

transaltted intensity will be

ZZ - Io a -^ 1 X (1)

where I is the incident priamry intensity. Between x an" x + da the
amSt aborbeod will be

-- c. ow, if it ie ssumesd that the asborptimt of each primary
qMAtVs resalts in a mmenay74 pwrstile with nftentum in the s&--e

toc. then equattae (2) al&s givs thi amber of "eoodaLry corpuscles
a i the X dirntoaiq After the electrons han traversed Las

ow U4A•M•eN of eater W11. e Of

. .n ex'neimal (3) is latepmsa mir tn total thickness of
" ter nil, we (iS tht 4, th eta ly of e"rput secondary radiatio".'

- ..given IQ



12= 10 421<I ee

43. Figure (27) shows the variation of 12 with thickness of counter
wall t. I2 increases at first with Increasing thickness, reaches a maxi-
mum and then falls off slowly. The second exponential factor decreases at
a much slower rate then the first so that after a sufficient t.ic'ness has
been traversed the second exponential is negligible compared to the first.
The secondary radiation then decreases with the coefficient A1', of tnb
primary radiation, while the composition of theanergent radiation becomes
conntant, At equilibrium, the ratio of the intensities of tae secondary
Pnd primary rodiation becomes

44. It can be seen therefore that the efficiency of the cnanter
for detection of "6-rays is approximately given by the ratio of -e to
/A, 2 . for W 2 ?- 4 r 1 . The curve of fi&ure (22) indicates a maximum effi-
ciency for AI when the wall tnicklaess is 0 mm. For Cu equation (4)
iticates maximum efficiency for about 0.2 mm. cathode wall.

45. From the above, it would appear that, to increase tne number
of secondary electrons per unit of cathode area, it would only be necessary
to go to heavier eleents" since .1 increases more rapidlv than/42 with
atomic weight. Evans and Mugele(' 7 have tested various types of metal
cathodes and fin& that lead is 1.3 times as efficient as copper.

46. Further gains in efficiency may be accomplished by increasing
the exposed surface area per nominal square centimeter of cathode. The
exposed inner surface may be increased by a factor of Y2 over that of a
smooth cylinder by cutting 450 threads on the inside, or by a factor of
Jrl2 by employing a closely wound helix of 16 or 20 gauge wire as tho

cathode.

47. The greatest advantrge is gained b'y the use of screen fauze
cathodes. It has been shown that most of tne exposed surface of every
wire of the mesh is effective in giving secondar" electrons. The t:lectric
field seems to penetrate the mesh to an extent sufficient to drew in
electrons ejected from the exterior of the cathode. Fijure (23) from the
above reference showv the relative surface area and relative sensitivity
of a smooth, cylindrical, solid, and 20. 60 and 100 mesh co-iper cat:-odes.

C. isetnods for Increasing Rasolvinj Power and Efficiency of Vapor
Counters.

48. 3efore going any deeper into the problem of increRsing the
quantum efficiency of a counter for 1-rays, coneider more cntrefully the
factors that control the resolving power of a counter. Hirh resolution,
as well non Mgh quantum efficiency, is essential for ulti;-.,tc sepsitivity.

.. 9. If one observes tke diuotari:e pulses of an arron-alcohol counter
as Indicated on the oscilloscope, a number of pulses nmaller that. thfu normul
atie riy rn seen. ujppose the counter is in a condition aoo.ewhcru botwouin
(c) arnt (a) of filgure (4), The discharge has been qivnchod but the ,iivtcv
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charie I,,!-s tot yet teea ot't*, -' r\vot oft tn thte fi Id. At toidn 2 nint,
let us ty36C a!t qucantr m u r2Aiit ion ojeCts at jnheotoelectron find

initiates a new discharge. tnest) newly forrtoui avRnL' che electrons find

a kch sr•all- r acceltpratine field croso to tre wire and o ily a s-u1 r ,no•,i

of nrwlN- Lorred positive ions is required to bring the ponitive ion eltirtti,

klr*AAy sievilable, back to the size neceePrcry to quench the ntrw disciarte.
ae rcsalti ng u) lne Is consequently small. If the new dr•ncai.re io k initi-

>Ateld et' Pon kb) and (c) of f inure (,) the fcield is proably too :ealk to
h ,roqace i lonization by collision e nd the counter doso not repoitd to

the q.w.itu of radiation. 'e et'een (b) eand ( varlous esized ptlses vcy be
oTthat -aI. Ther ti'w between r discnorgh anf the closest next rucceodinp',

one that chn j:roduce r ulite large enough for the a 1n-lfier to record, is
called the resolving tire of the counter. For an argon-alcohol counter
-%boat ten nti ers loekr by two centimeters in diameter with ten Mtil
wire and a tenth megohm leak resistance, the resolving time %Ill Iv of the
order of 1O-4 second%. Similar non-vakpor counters can be nw.de to count SBO
fast by employing an electrical quench circuit.

SO. With a resolving power of 10-4 seconds one may count up to
1000 counts per second with fairly good proportionality. The loss at
the maximum rate will be about Mi. For a one second merusurement the

mean fluctuation due to randomneus would be 3y and to obtain a one per
cent mean error the measurement would requirt ten second$. To be able to

measurp Intensities to l in one second requires that we increase the
resolution b- a factor of ten.

51. For argon-alcohol counters, this gain in resolution maY be
obtained as follows. S•p•se two similar counters are connected in parallel
from figure (16) it is apparent that the pulse site in an alcohol counter

Is considerably smaller than the over-voltabe. Because of this, one of
te oflaterf way discharge without affecrting the sensitivity of the second
na. Accordingly, while the first counter is in its insensitive state,

te mes may stil respon. The reolving time of the combination shoulu
tU§tWe b. half that af a single tube counter of equivalent volume. To

te thWis, the cooater shown in Plats (26) ws built. It consists of a
U of moven qtin.srs, each 5 ca. long by 0.6 cue. in diameter. The

:-fh1in power ot thiS arrsgmunt vas found to be approximately fifteen

.t fe thait of a single ylinder bainig the over-all diensilone of the
imV1R. It oa *am as may as 100,000 random counts per second. This

' t2 Ulrge pa ISn resolution y be unaerstood from what has been said
ait Uth discharp sechasis.. In. a seller counter, the positive tons

MR WWrit any taster 1W tU higher average field, giving a decreased
ntlvii* time. to a up then, the substitution of a bundle of seven

.Mit mfbWS IC or e single large one, increases the resolving power by
a tInfe of swe L a to the parallel arrangement, and by about another

tMW of two Mw to tin peter a Oit7 of the snller diameter counters.
.•- l utlU of tiM Ita in resolution, the above design has also increased

'0S dretive oatboe ftei, &ad %t'refore the Sa rat sensitivity, by a
... ýtet of 7/3 owv that of t" eiiy1e counter of equivalent volume.

J So. pui U o fi. at obbting onters in pairallel has resulted

J.ta variety a bilges. No met o mr .pltcations we are interested
"U meewiva eflhlated ber. Omten (J. X. L) of plate (2?) are de-

figetet for t s pepte. The sensitivity it Increased in proportion to
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the n• ber of cyliAaer traversed b7 the beam of radiation. With 10-. m eEr.
bras cauze oyllrtrm, ounter (L) plate () has &n efficiency of 20h' fzr
dLtecGtic of a oof•lited beu of am rays.

53. lor Warns of wider cross-section gre&t sensitivity may be o:-
tUlu" b7•y ga wer to a wire Lad plate a-rangment of electrodes rather
tha a wire atd tube. It ehovld be remembered that the countia6 action to
Pn'wS t7 the field La the meti.borhood of the wire. The shape of the
nthete4 is 01.17 @f oec~ar~7 importance. J igure 24 (a) illustratem :ts
IstqLast azraom e Of a mia.e , wire Lad ;late. Yigure 24 (b) shows a
pAflol &x~axtea of t wire and plate axra~ament, azi Yigure 24 (c)
a &tiLl futer dnlem. t, eqAin the plate area and the number of
fiLfl 4l bwilAiag up a lip I mr of decks, the qa.ntu efficiency of
awb BflMMPute W be 6nrlopSd to am high as 50ý.. ligure 26 is a
rSi.6~ Of a altipe plate aooter bilt b7 the Thaie Gonay, havirg

vT deft$ with two wl"e per teok. % efftcieac~v of thim counter Is
fire t1ime tt of a rma1 moaer of equivalent vola. T'h large

epecitY Of the wi•n wiyte sktm the pmlse smte for m=.h counters very
=all, Lad h± apltfioatioe of the pulses is required for recording.

54. yltwe 2 illustratem another type of counter design. y
ftdlcig % amnqu plates with sqa holes, greater gains in efficiency my
be attained than b the aultiple dock, ethod.

D. SfI-& Coaterm

8. ~TIM dimosmslon thus far has been concerned with tn• construction
of counters for ax^ ray noauaorntm. The design of cou.nterm for X-ray
radiatons above 0.1 12 Involves entirly different considerations. The
wae legth raamp odliArily covered in 1.-ra diffraction work is from 0.6
to 2. . lr a this raag, it i. pessbls to construct counters having
Fprati-nl 100% quLtu•m coutnting elfictnc. Fi"ure 28 and. tLtte 28
llutnMte te Geeign we have oeuloyd for much counters. Yor the wave.

lnafle we are eideriag, raiAation paseing throut a heavy gas is strong-
ly abs•bed' pboteloctri••lly, ad each quaatum abmorbed in tne gaseous
volam of a ovanter uay be expected to Imitiate a count. 3y filllng with
beav y ,se like mzo and kZTPtIa, ceuAterm may be made to cover the
£iff rution ra. with I" eff iotesdy at slanst aLn wave len4th in the
x*W. Teims eviUent fsin Figau (0)vhicoh representm the absorption iz
a 12=e14r =0 eatlimtern long a a fýtiou of wavelength and am pressure.
Mee asttesee (6, to utlliIo coctere in the x-ray region have resorted to
the pbotosffect n the cathode wall, rthar ta. gaseous abmorption, to
pnt the triaprlnc electrons. huts at J-kIL, have inlic.tsd less than
100 quanta offtLaincy for wch *nn=Orm.

3. Mart I-RAy Countert

56. With L.reaiag K,Y. *Iplied to the h-ray tube, thi ruAiatiom
beooms barter and the abe.erptioa by scattering increases. :o brid-j' the
ap bevtnn 0.5 I and the x-rnq reesn. oo=uters have bee:oIon which cor:ine

oe of the desirabl~e propertLee o bslth the I-ray ard x-ray typs ccntmz-s.
Couter (L) of Plate (27) has a thisa walled galis wzdov at a I cm. aimr-
tire is $be dral block, thit allows re4iatitot to pase down thrcu'g. the
earles of msh cathodes, This arrangment combines a naLxLs szou'nt of s•r
face for bb-otoeffeot 4ith largeCa pmath.



A. Hquire-ents of 1igh Speed Countln&

57. Theer are two methods for indicatin& intensities am registered
by a 0. it. counter. '•he sun of the individual counts uiy be totalled on
amu imulee counter or the counter pulses Wa be fed into an uleotrical
tank circuit with a current enter to indicate directly the extent to which
the tank lis charged. Both methods require equivalent resolution of pulsee
for t1ie sane countint rates.

58. Most of the counting circuits that have been described were
designed for commic ray work. The intensities to be measured were generall.y
of the order of a few hundred per minute and accordin•gly there is Oorpaa-
tively little 1ublished concerning counting circuits for rates in the
nei&hborhood of thousands per second,-. ".he difficulties involved in do-
signing circuits for these high speeds of counting can readily be a'PrP-
ciated when one remenberu that the counting Is random. It is not sufficient
to obtain a circuit capable of countin4 a few thousand per second of renu-
larly spaced pulses. Such a circuit would fail badly for random counting.
There are large fluctuations in the intervals between pulses of a random
,tistribution such as is obtained from radium radiation. Furthermore, the
shortest time intervals are the most probable. So that even at low count-
ing rrtes many Pulses are too olows to be resolved. For example, a
mechanical counter capable of counting 100 periodic pulses per second misses
alsost 10% at only 10 random pulses per seconc.- Obviouelir exceptionally
high espeed circuits are necessary.

3. Quenching Circuits

59. The first problem in obtaining high speed counting is to cut
down the resolving tire of the counter itself to the desired value. For
noa-vtpor counters, this is accomplished by the use of electrical quenching
circuits. Jor coincidence counting in cosmic ray work, tvo circuits have
been designed to speed the counter action by quenching the discharges
quickly even with resistances as low as one megoha in series with the
counter.

60. The first of these circuits is the !eher harper(8) circuit,
fi u'Wa (33). Its operation my1 be analyzed as follows: With the bias on
the vacuum tube adjusted for very little plate current flow. the resistance
of the tube is high atd the full high voltage is then across both the tube
and coater. When the counter breaks down due to the pasae of an
icaimiot particle, the positive charge collected by the cylinder raises
the grid potential. The resiltance of the vacuum tube then drops rapidly
and current flows through R2. When the 1R drop in R2 becomes large
eaou•t, the counter discharge is extinguished. The recovery is very fast
because of the low resistance and capacitance.

61. In practice, the value of the grid potential £g must be care--
fully chosen within certain limits. If 3g is made too nejptive the volt!-!
impulse in kg due to diischarge of the conter will not be able to raise
the plate current by an amount sufficient to cause extinction of the
discharge. The counter is then inesenitive to ionizing particles. As
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the negative grid bias is raised, the point is soon reached where this
'blocking" action occurs intermittently. When the negtive grid bias is
too low, the increased plate current may bring the counter too close to
threshold and possibly below it. Close to threshold, the loss in countin&
efficiency is very noticeable.

62. The characteristic curves of a counter emqloyed with the ieher-
Harper circuit, are shown in figure (35) as a function of grid resistance.
Figure (36) shows the relation of grid voltage to grid resistance, and
figure (37) shows the counting rate linearity response of the circuit.

63. Some of the argunments against the Noher-Harper circuit are
(1) its characteristics are sensitive to slight chanes in grid bias,
(2) the cylinder Is at high impedance above ground and requires careful
shielding, and (3) the capacity of the cylinder introduces longer recovery
times for large counters.

64. The Neher-Pickering circuit(9) figure (34) is designed to
eliminate thes objections. The circuit diagram shows that no grid bias
is required, the cylinder is grounded and the grid of the vacuum tube is
connected to the counter wire. Since the grid is at zere potential in
the absence of a pulse, the tube is normally highly conducting and re;rn-
sents a low resistance in series with the cathode resistor. Therefore,
the cathode, screen voltage supply, and grid resistance are all at high
potential above ground. This sets the counter wire, which is connected
to the grid, also at high voltag. If an ionizing particle now enters
the counter, the grid bias goes nepLtive, blocking the current in the tube.
The resistance of the tube rises rapidlyv while the grid, screen, end cathode
drop toward ground potential. tYhen the counter potential falls below
threshold, the discharge Is quenched and the grid recovers quickly throug
the grid resistor.

65. Some disadvantaGes of the circuit are that an insulated heater
supply is rqquired and that the high voltage supply must stand a constant
current drain of abct a milliampere.

66. Other quenching circuits are desoribed under uniform pulse
generators belov. With vapor counters, the method of obtaining high
resolution by parallel arrangements has already been deRcribed. Yo
suecia1 quenching circuits are needed.

C. Scaling Circulit.

67. After having achieved high resolution in the L W,, counter,
the next problem is to find a means of counting the 0. Y.. counter pulses
without loss. This requires a circuit with resolution at least equal to
that of the counter. Since lapulse counters, such as tue odpular Cenco
counter have resolving times of the order of about 0.01 secont, it is
necessary to scale down the number of pulses received from the countcr by
a large factor, when counting at a high rate. A scale of 100 circuit, f)
example, would feed the mechanical counter only 10 pilsesa for every 1C:
counter pulses.

- 17-



68. :'no arliet!t scale circuits were the Wynn Witli7as thyratron

rin4g circuits •ublished in 1931. They were simply a series of thyratroxfs

connected in a ring in such a fashion that when an input pulle fired one

of the th.yratrons, it thereby prepared the next thyratron in the rine, to

fire on the succeeding pulse. If 1 thyratroni were included in the ring,

"cach tue would fire once for N pulses.

69. The riai circuits were eserceded by the scale of two t.yue Of

circuit. Such circuits furnish one out-put pulse for each two input pulses.

With n successuei staes in series a scaling ratio of 2n =-N is ootained.

Each elementary scale of two units is an extremely fest electron'c switch
or relay, free of all moving mechanical parts and contacts.

70. The first of these ucalesof two circuits was also due to Wy-n

-iliaas(Z3) and utilized thyratrons, figure (39). The action of the

Circuit may be analysed as follows. Suppose a poitive pulse is impressed

on the control grids of tubes A and B, through the condensers, C1 and C2.

Consider what happens If originally tube A is non-conducting and tube B

is conducting. The positive pulse will fire tube A but does not affect

tube 3, whose grid ha. lost control. The discharge of tube A drops the

voltag from Crid to plate to about 17 volts, the ionization potential

of argon. The drop in potential of the plate of tube A is tranmnitted to

the olate of tube B by the condenser 03. But since tube B is conducting

its plate it at low potential to start with, and the additional negative

pulse from the plate of A throws the plate of tube B negative with respect

to its Cathode. ftis extinguishes the discharge in tube a&ad alloy its

grid to resin control. As a result of the arrival of the original posi-

tive pulse the discharge has been switcned froa tube £ to tube A. Sinase

the circuit is slmyetr!-cal, the next pOsitive pul*e applied to Ci and C0.

SOin Switches the discbhrges. te condenser C•caa receive a positive

pule onl when tube 3 become non-contacting, which ma&" that C4 transmits

a positive pulse to the vaacum tube triode C only one for every two input

poeitive pulses. th trioe" 0 is biased so that it to unaffeCted by n4-

tin pulses, but pas*ee a positive pulse on to the next esle of two every

tinD a positive pulse io ilaressed on Its grid.

71. •e bratrum de-ionisatiom time limits its speed to 10,000

per second of regular pulses. the main disadvantassi of tlhratron scaling

circuits an (1) a tenenmcy to block at high speeds (both tyatrons of a

scale of two go into fAW octaiwtiug state), and (2) the relative instability

end varlabtlt7 of tbyatren tubes compared to hard vacuum tubes.

72. La the last few yeers, a few successful hard vacuum tube scaling
Circuits hav been published(DS. 27, 29). Te simplest of thes uses

tri••e (91V" 38). fte circult is a regenerative two eta~e amplifier

with the ietiapiiMhimg feat that the output of tube A ti directly

ONpeA to 1W0 1W £ resister from plate of A to grid of B, and similarly

tUL B M inist aLs $Vqled to tube A. Pulses are applied to the grids in

9Lrflhll qsb ID - *qpmling. ukowee a mall pulee is applied to the grid

s" cia-ratAN. It I* sulifted by that tube and then by the second tub-

- M to tW lq4•lmg of plate to grid. She regenerative process begins, "Cr.•

7 thu eqitfmit In atie second tube further exciting the first tube, aria

intil0 i e*Ml of the tubes is driven to plate current cut-off, due

to Xttwc peWtlsl os Its grid. The prance then stops, leaving the



circuit in a stable state, with one tube fully conducting and the other

completely cut off. The grid potentials are given by the plate potential
of the opposite tube minus the ZR drop in the coupling resistor. The cir-
cult remsins in an equilibrium state only because of the direct coupling.

73. Assume that the circat is originalty in a state with tube Ac Tm-

dusting £tdtha B non-conducting. If a negative pulse is fed to the circuit

"it will be amplified by A. (A positive pulse would be amplified by B).
The regenerative cycle is initiated and continues until A is cut off, with

B condictii. The direct coupling causes an extremely rapid phase reversal

of the tubes. The next pulse will trip the circuit back to its original
equilibrium stats. An increase and decrease of the plate potential of
tube B will occur on alternate input pulses and by transmitting these puilesc

to th rectifier stags 0, only one output negative pulse will result for
each two input puales.

74. Any tendency of the cirauit to rensin in one equilibrium state

due to 3lremtry Is overcome by the use of condensers in parallel with the

cmopling resistors.

75. The coupling resistors are chosen large enough to drop the
voltage from the plate supply so that high positive potential is kept off

the 6ride and proper biasing ti achieved with ordinary values of grid bias

sly91,. If aeogtive pulses are fed to the circuit, a larger negative bias

akes the circuit trip on smaller pulses and vice versa for positive input
pulses.

76. The resolving power of such vacua tube scales of two is about

180.00 pulses per seocond. This would permit aounting 5,000 random pulses

pw sond with about 3% loss. Methods are available for increasing the

rsel1atio• of thOse s"al circuits to almost 300,000 pulses per second.

(Oemaiatiows beourity 3etion, EnAlo Division of Naval lesearch Labor&-
tory)

D. Frequency Moter Ciroutts

"77•. The second method of indicating cmouting rates is by the use of

frequsey aster circuits. Tm simplest of these and probably the simplest

of all methods of indicating counting rates is the circuit shown in

fi19DM 40, for use with wap saunters. The discharges in the counter

proToh a fluctuating orrest flow through the resistor R. If a condenser

C is pLind in parallel with R, the fuctuatione are greatly reduced and a

fairly stead Ik drop results woe the G. N. counter receives a constant

intensity of radiation. Mhe plate cirrent in the triods is controlled by

the voltage OS the &7d and is probortional to the number of pulses per

unit tim. A aillimoter K in the plate supply serves to indicate

intensity. The reading of the metor is adjusted to zero for %arc pulses

per secod with the aid of a b1aking circuit.

78. by slecting different values of R and C the circuit may be

adjusted to cover a rangm of about 107 in intensity. This circuit is

ideal for work requiring simple detection of peak intensity. It has been

%soe with counters for locating crystallographtc planes in quarts by x-ray

reflection at the piesoelectrio cryetal-OuttinI laboratory of the Washing-

ton Navy Tart.
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79. The sain disadvantages of the above circuit are (1) its mensi-
tivity to the high voltage apylled to the counter, and (2) deviation from
proportionality at higher counting rate.. The pulse size in a vapor
counter is dependent on the over-voltage and at high counting rates the
pulse alsl falls off because the counter does not fully recover to the
original over-voltage between pulses. The first difficulties may be over-
ccoe by use of a circuit such as shown in figure 41. The 65%? tube has
the characteristic that a negative pulse of about two volts on thu rid
colpletely cuts off the plate current. So long as the pulses from the
counter are greater than two volts, the output pulse at the plate of the
6Sq7 tube will be constant. The diode unit serves to rectify the plate
,.ulses that are fed to the 6C5 stage. The output of this circuit is
therefore directly propcrtional to the number of input pulses per second
irrespective of their size so long as the opunting rate is not so high
that pulses overlap.

80. The most popular device for producing counter pulses of uni-
form height and shape in the multivibrator. The Getting (11) circuit
shown in figure 42 also aide the quenching action of the 0. X. counter.
The multivibrator circuit is very similar to the mTcMI tube scale of two
circuit discussed above, except that the direct coupling fr=m plates to
grids is removed leaving the two triodes with only condenser back ooupling.
Tube B is biased to out-off (figure 39) and tube A is norally conducting.
In this condition, a momentary surge of voltaP on the grid of either
pentode produces a rectangular voltage pulse at the plate of tube ], The
otrcuit responds to positive pulses if applied to tube B and to negative
pulses if applied to tube A.

81. Supose a short neptivs pulse from the counter is applied to
the grid of tube A, at a tim t 1 . As the grid goes negative plate current
decreases, passinS a positive plsee to the grid of tube B. The process is
regeasrtive and continues until the plate currnt of tube 3 reachee a
maxiam limited by its plate resistor, with its plato potential at a low
value. Simltaneously, the grid of tube A has been forced to an extremely
egptive value, slightly loes than the plate 8upply voltage, which it main-

tains until the neptive Charge leaks from the grid to pround through the
one megohm resistor. As the Charge leaks of C2 , the grid of tube A g0oes
less negative e9owmtially until it passes the critical cut-off value at
a tim t2. Tube A then become conducting again and the grid of tube B
goes very negtive, cCutting off the plate current. The grid of 3 now
recovers exponentially but beoause of the negative bias, it does not reach
the critical cut-off voltage. If the grid bias is reduced so that cut-off
volt&ae Is reacbhd, the circuit becomes self-oscillatory. The miniAM
input pul"e lse to which the multivibrator will respond is determined by
the sise of the grid bias. The circuit ma be adjusted to respond to a
'Plse esie of the order of 0.01 volt and anplify it a few thousand time.

83. The make aM bWeak of plate current in each tube is extremely
fast, which gives thu etrnight sides to the output pulse. The length of
tae pulse from tube 3 is determined by the time required for charge to
leak off Gl and is given approximately by R2 Ci(logA*) where/^ is the
sm8jification factor of the tube. The resolving tim of the circuit is
approximately given by l2 Ci logt + 11 C2 .



83. While the initial lowering of the grid potential wue to flow
of current from the counter wire through R would not extinguish the dia-
charge in the counter, the regenerative effect of the coupling, throws the
entire available voltage drop of the plate of tube B back onto the counter
wire, quickly quenching the discharge. It is therefore possible to dispense
with the 109 ohm resistance generally in series with the counter and use

only one megohn. The recovery time is then given by the circuit constants.
With the constants indicated in Figure 42, 2000 random pulses per second

can be counted. The maximum rate is the osoillation frequency of the cir-

cuit when self-excited.

84. A disadvantage of the circuit when Jaigh counting rates are to

be measured is that the voltage range of the counter becomes limited. To
obtain high speed in the multivibrator, it is necessary to reduce the
Oouplin6 capacitors and grid resistors, but then the increased speed is
pained at the expense of signal amplitude fed back to the counter wire.

Since it It this output signal of the multivibrator that quenches the

counter, the counter cannot be operated at an over-voltage greater than

this ?ulse. For relatively slow counting, the Getting multivibrator
easily allows for plateaus aver one hundred volts long, but at high speeds

this range is greatly cut down. A multivibrator circuit that was designed
to overcome this disadvantage Is shown in Figure 43. Here the high voltage

** applied direotly to the plate resistor of the second tube and the wire

df the counter. 2he action is ezaotly the same as in the circuit previously

decribed, but now the entire N.Y. Is available for the quenching pulse

"njre to the counter wire. The ation of this circuit has been found

A more positive than that of the Gett in• circuit. It is being used in

the esposure motor cimrits (Report M-179) and wherever good stability

is desired.

85. At very high counting rates, the multivibrators are not fast

enou& and the scale of two unit (Figure 38) has been utilised as a uniform

puls generator. This type of frequency meter has a resolving pover of

between 150.000 and 200,000 pulses per second, almost 100 times greater

than the multivibrators that have been described. The circuit does not

-respond to. inpt pulses under a given sise, and high amplification of the

counter pulses is desirable to assure tripping of the circuit on even the

weakest pulses. This is clearly deonistrated by Figur* 52 where the 7 tube

counter of Plate (36) was used in conjunction with the above frequency

meter circuit. The difference in the two cases wns simply one of amplifi-

cation of the counter pulses before feeding the scale of two type of unab

fors puls gnerator. Curme A is the characteristio curve obtained with a

high pin two stage amplifier. The plateaa length is about 140 volts. In

Case 3, only a Harper-Meher stae was used between the counter and uniform

pulse generator. The effectiv, plateau length was reduced to loss than

ten volts. (Both curves were taken at high counting speeds) The circuit

of Figure 35 is recommended for very high speed counting with fast vapor

counters and in conjunction with the darper-Neher circuit for rapid count-

ing with non-vapor counters.

£. Stabilizers

86, No counters have perfectly flat plateaus. In ordinary tube

counters, the slopes of the plateaus may be anywhere from 0.1l per volt

to 2.00 per volt, and f.r complicated parallel combin.ations, these slopes
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ma4' ,ve evio higher. 2he i..yortaic¢e of stablli:inc; the 1iih vOltatae tal1ied
to t_..e couter is cbvious, if constancy of counter response to deuired,

8?. One of the uimlest methods of control employs neon glow ls=ps
as stabilizers (Figure 44). These lamps have the chnracteristic property
Of glow tubes, that the resistance decreases with increasing current. If
the voltase across the electrodes tends to rise during discharge the mresist-
anco drops and the current drain on the swpply Increases, holding t:•e voltage

down. The reverse happens when the voltage tends to drop. Lach neon lamp
of the 1/25 ntt site stabilises nt about 60 volts. By arran6i•g a series
of such lamps In the manmer shown in Figure 41, 'y ataibilized voltage may
be picked off for the cournter. If the current drain consists only of that
d-rawn by the coumter. god etabiliu•ti•n 1: achieved As ehown in YiCare 45.
At larger current drains the stabilization becomes rapidly poorer. The main
objection to this method of obtainiuj stable high voltage for the courter
is a tendenc" of the glow lamps to leak slowly and change their chanoterim-
tics.

88. A mthod w.'ich has been found much more satisfactory for obtain-
ing fixed stabilized high voltages at low current drain is the use of
another 0. K. tube counter &a a glow tube. The action is fundamentally the
same as that in the aeon tube method. As the volt%&e tends to rise the
current density resains coastant, but the total current increases by a
s• readin&of the disoharge ouer the surface of the electrode. The voltage
across the tube raeins practimaly constant until the glow covers th
entire electrode.

69. To obtain good regulation for all possible current drains during
eoeration of the counter, larg electrode arta is necessary and a tube len&th
of ovsr 4 feet we required to give desired stability, Rather than use a
l1n0 tabe, seven tubes, each 20 ems. long were connected in parallel (Plate
41). The discarp evoltage of the tube depends on the nature of tne gas and
electrode gomtry. The etabilised voltages obtained with air at various
pressures are shown in Figure 46. The curve of input voltage against output
"vtaj, with a eurrent drain of 25 microamperes (Figure 47) shove less than
0.1)e changp in output oltag• for 1000-, change in input voltage.

90. O- of the beet vac•u tube stabilizer circuits is shown in
Figure 48 wa its stabilization characterietice inm 1.ure 49. The stabiliza-
tion is excellent even at high current drains, due to the tube T2 , which
acts as a constant ourrent device. It is relatively insensitive to fluOtua-
tions in beater power input and shove almost negligible drift with tbae.. It
is perticularly recomunded for use with counters operated in the proportional
counting ranes, where extr•me constancy of high voltage is necessary.

91. For most counter work, the stabilizer shown in Figure 50 is
satiafactory. The circuit of Figure 45 requires Insulated screen voltage
and grid bias supplies which must be obtainqd. from batteries. In Figure 50,
the grid bias is controlled bY a small 2 watt neon bulb and the entire cir-
cuit mav be built oompactly. 7he stabilization characteristics at 200
microampere current drain are shown in Figure 51. There is very little
drift in operation.
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they are employed. The investigation resulted in new designs for gamma ray and hard X-ray
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UNITED STATES GOVERNMENT
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DATE: 28 Sep 98
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1. I have reviewed five unclassified NRL reports entitled, "Geiger Counter Technique (M-
4,1800)," "Geiger Counter Technique for High Counting Rates (H-25•,' "Geger Counter

Tubes (ADB 196664)," "Low Voltage Self-Quenching Geiger Counters (N-3' V 89f1" and
("Sensitive Geiger-Muller Counters for Detection of Gamma Rays (M-1886).')

2. I recommend that the "limited distribution" statements be removed from each report and
be replaced with "unlimited distribution." Thank you.
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